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Abstract 

Introduction: T cells orchestrate joint inflammation in rheumatoid arthritis (RA), yet they are difficult to study due 
to the small numbers of antigen-specific cells. The goal of this study was to characterize a new humanized model 
of autoimmune arthritis and to describe the phenotypic and functional changes that occur in autoimmune T cells 
following the induction of pathological events. 

Methods: We developed a double transgenic mouse containing both the HLA-DRl transgene and an HLA-DRl -restricted 
collagen-specific TCR in order to obtain large numbers of antigen-specific T cells that can be used for immunologic 
studies. 

Results: In vitro, Cll-specific T cells from this mouse proliferated vigorously in response to the Cll immunodominant 
peptide A2 and the cells altered their phenotype to become predominately CD62L'°^ and CD44^'^^ "activated" T cells. 
The response was accompanied by the production of Thl,Th2, and Thl7-type cytokines. Following immunization with 
bovine CII/CFA, these mice develop an accelerated arthritis compared to single transgenic HLA-DRl mice. On the other 
hand, when the mice were treated orally with the analog peptide A12, (a suppressive analog of collagen we have 
previously described), arthritis was significantly suppressed, despite the fact that >90% of the CD4+ T cells express the 
TCRTg. In GALT tissues taken from the A12-treated mice, IL-2, IFN-y, and IL-17 production to the autoimmune collagen 
determinant dropped while high levels of IL-10 and IL-4 were produced. 

Conclusions: We have developed a humanized model of autoimmune arthritis that will be useful for the study of 
T cell directed therapies as well as T cell mediated mechanisms of autoimmune diseases. 



Introduction 

Although the majority of autoreactive T cells are deleted 
in the thymus, it is clear that some escape thymic selec- 
tion, and once in the periphery are capable of mediating 
an autoimmune response. However, the precise mecha- 
nism by which T cell function is altered so that auto- 
immune diseases can develop is poorly understood Some 
of the difficulty in deciphering these mechanisms is that 
the frequency of the Ag-specific T cells to be targeted is 
very limited, estimated to be 10^ or less [1]. Here, we 



* Correspondence: lmyers(5)uthsc.edu 

^Departments of Pediatrics, University of Tennessee Health Science Center, 
Memphis, TN 38163, USA 

^Division of Rheumatology, 956 Court Avenue, Room G326, Memphis, TN 
38163, USA 

Full list of author information is available at the end of the article 



describe the development of a double-transgenic mouse 
that expresses an autoreactive T cell receptor (TCR) 
specific for type II collagen (CII) and the human leukocyte 
antigen (HLA) -DRBl^OlOl, a haplotype susceptible to 
the induction of collagen-induced arthritis. These mice 
express a TCR specific for the HLA-DRl -restricted im- 
munodominant determinant of CII, A2, on >90% of the 
CD4+ T cells. Despite the fact that they are capable of 
recognizing murine CII (mCII), they are not deleted in the 
thymus. 

We have analyzed the function of these T cells using the 
collagen-induced arthritis model with the goal of deter- 
mining the role that autoreactive T cells play in mediating 
autoimmune arthritis and in modulating the severity of 
the disease. We also investigated whether these autoreac- 
tive transgenic T cells could be manipulated to secrete 
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primarily suppressive cytokines, thereby downregulating 
autoimmunity. We have treated these mice orally with an 
altered peptide ligand (APL) of collagen to determine how 
this therapy influences the cytokine responses of T cells 
located in murine gut-associated lymphatic tissue (GALT). 
We believe this transgenic (Tg) model can serve as an 
excellent vehicle for defining the molecular mechanisms 
by which T cells influence autoimmune arthritis and will 
help shape the development of future T-cell directed the- 
rapies for autoimmune diseases [2]. 

Methods 

Preparation of tissue-derived CM and synthetic peptides 

The following nomenclature is used to define the antigens 
used in this study: type II collagen, CII; bovine type II 
collagen, bCII; murine type II collagen, mCII; a peptide 
containing the immunodominant determinant sequence 
of both bovine and human CII (GIAGFKGEQGPKGEB), 
A2; a peptide containing the immunodominant determi- 
nant sequence of murine CII (GIAGFKGDQGPKGEB), 
mA2; a synthetic peptide representing the sequence 
(GIAGNKGDQGPKGEB), A12; the constituent protein 
chains of bovine CII isolated by carboxymethyl-cellulose 
chromatography, al(II). B stands for 4-hydroxyproline. 

Native type II collagen (CII) was solubilized from fetal 
calf articular cartilage or murine articular cartilage by limi- 
ted pepsin-digestion and purified as described earlier [3]. 
The purified collagen was dissolved in cold 10 mM acetic 
acid at 4 mg/ml and stored frozen at -70°C until used In 
some experiments denatured al(II) chains were used. The 
synthetic peptides were supplied by Biomolecules Midwest 
Inc. (Waterloo, IL, USA). 

Animals 

Generation of Tg mice expressing DR 

Mice expressing the chimeric (human/mouse) DRBl^'OlOl 
construct were maintained in our onsite facility. The 
chimeric DRBl^OlOl construct and the production of Tg 
mice expressing this construct have been previously des- 
cribed [4]. 

Generation of double-transgenic (DR1-TCR) mice 

The Cll-specific TCR-genes in the DR-transgenic mice, 
were expressed using the cassette vectors pT^^cass and 
pTpcass provided by Benoist and Mathis [5]. Rearranged 
Va2/Ja27 and V|38.1/D/J|32.4 fragments were obtained 
from a DRl -restricted A2-specific T cell hybridoma 
(E168) by rt-PCR. The PCR fragments were subcloned 
into the TCR cassette vectors, using the following modi- 
fications. For the a chain construct, a Xma I site was 
created 17 bp upstream of the ATG cordon of the TCR- 
Va2/Ja27 cDNA; and an 11 -bp sequence that represents 
the beginning of the J-C intron was added downstream 



of the Ja27 segment, followed by an artificial Not I site. 
The resulting cDNA fragment was introduced into the 
pTctCass between the Xma I and Not I sites to create the 
pTct cass-Va2. For the p chain construct, a Xho I site 
was created 12 bp upstream of the ATG cordon of 
V|38.1, and a 17 bp untranslated sequence representing 
the beginning of the J-C intron was introduced down- 
stream of Jp2.4, followed by a Sac II site. The resulting 
cDNA was introduced into the cassette vector pTpcass 
between the Xho I and Sac II sites to create pTpcass- 
VpS.l. The linearized DNA fragments (pTaCass-Va2 and 
pTpcass-VpS.l) were simultaneously injected into fer- 
tilized eggs of FVB/N mice. Transgenic founders were 
identified by PCR analysis of tail DNA. Mice were back- 
crossed onto DRl -transgenic C57BL/10 mice to estab- 
lish a TCR transgenic mouse line, and then backcrossed 
to the HLA-DRl mice to develop double-transgenic 
mice. Mice used in these experiments were from 
generations N13 to N14 and were heterozygous for the 
TCR transgenes and homozygous for the HLA-DRl 
transgene. 

All mice were fed standard rodent chow (Ralston Purina 
Co., St Louis, MO, USA) and water ad libitum. Sentinel 
mice were routinely tested for murine pathogens. Ex- 
periments were conducted in accordance with approved 
Institutional Animal Care and Use Committee (lACUC) 
protocols. Mice were 8 to 12 weeks old. 

Antibodies 

The antibodies (Abs) used for flow cytometry included: 
peridinin chlorophyll protein (PerCP) -conjugated anti-CD4 
(clone RM4-5), phycoerythrin (PE) -conjugated anti-CDS 
(clone 53-6.7), PE-conjugated anti-CD62L (clone Mel-14), 
fluorescein isothiocyanate (FITC)-conjugated anti-V |38.1,2 
(clone F23.1), APC-conjugated anti-CD44 (clone IM7), and 
FITC-conjugated anti-Va2 (clone: B20.1). All Abs were pur- 
chased from BD PharMingen (San Diego, CA, USA) and 
used according to the manufacturer s recommendations. 

Flow cytometry 

Splenocytes, peripheral blood cells, or inguinal lymph 
node cells from mice were isolated and the phenotype was 
determined by multiparameter flow cytometry using an 
LSRII flow cytometer (BD Biosciences, San Jose, CA, 
USA). Cells were labeled with fluorochrome antibodies 
specific for CD4, CD25, or CD44, (BD Biosciences). In 
some experiments intracellular labeling was performed 
using antibodies specific for FoxP3 (FJK-16 s, eBioscience, 
San Diego, CA, USA). In the experiments involving intra- 
cellular staining, gating was performed on both CD4+ and 
Vp8+ cells. A minimum of 10,000 cells was analyzed from 
each sample and the final analysis was performed using 
Flowjo software (Tree Star, Ashland, OR, USA). 
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Proliferation assays 

Spleen cells were cultured with various concentrations 
of collagen and collagen peptides in 96-well plates at 
4.5 X 10^/well in 300 [A of HL-1 medium supplemented 
with 50 [iU of 2-ME and 0.1% BSA (fraction V, Gig free, 
low end toxin; Sigma- Aldrich, St Louis, MO, USA) at 37°C, 
5% humidified CO2 for 4 days. Eighteen hours before the 
termination of the cultures, 1 \iCi of (^H)thymidine (New 
England Nuclear, Boston, MA, USA) was added to each 
well. Cells were harvested onto glass-fiber filters and 
counted on a Matrix 96 direct ionization beta counter 
(Packard Instrument, Meriden, CT, USA). Results were 
confirmed by replicate experiments and all data are 
expressed as disintegrations per minute (dpm). 

Immunizations and arthritis induction 

Mice were immunized with bCII for the induction of 
arthritis. bCII was dissolved in 10 mM cold acetic acid. 
The bCII was then emulsified with CPA (Complete 
Freunds Adjuvant) as previously described [3]. Mice were 
immunized subcutaneously at the base of the tail with 
100 [ig of bCII. For other immunizations, either peptide 
A12 or Ova emulsified with CFA was given subcutane- 
ously so that each mouse received 100 [ig of protein. 

Measurement of the severity of arthritis 

The severity of arthritis was determined by visually 
examining each forepaw and hindpaw and scoring them 
on a scale of 0 to 4 as described previously [3]. Scoring 
was conducted by two examiners, one of whom was un- 
aware of the identity of the treatment groups. Each 
mouse was scored thrice weekly beginning 3 weeks post 
immunization and continuing for 8 weeks. The mean 
severity score (sum of the severity scores for the group 
on each day/total number of animals in the group) was 
recorded at each time point. 

Measurement of serum antibody titers 

Mice were bled at 4 weeks after immunization and sera 
were analyzed for antibodies reactive with native murine 
CII using a previously described modification of an ELISA 
[3]. Serial dilutions of a standard serum were added to 
each plate. From these values, a standard curve was de- 
rived by computer analysis using a four-parameter logistic 
curve. Results are reported as units of activity, derived by 
comparison of test sera with the curve derived from the 
standard serum which was arbitrarily defined as having 50 
units of activity. Reactivity to mCII was not detected in 
sera obtained from normal mice. 

Adoptive transfer experiments 

Inguinal lymph-node cells from DRl-TCR double-trans- 
genic mice previously immunized with either A12 or Ova 
in CFA were collected 8 days after immunization and the 



CD4+ cell subset was fractionated using ferromagnetic 
beads (Miltenyi Biotec, Gladbach, Germany) according 
to the manufacturer's protocol. The purity of the resul- 
ting cell population was confirmed by flow cytometry to 
have >95% purity. Recipient mice were given cells intra- 
venously and received 5 x 10^ cells. All recipient mice 
were immunized with bCII on the day of the cell trans- 
fer and observed for arthritis. 

Oral treatment with peptide 

For the study of events following oral administration of the 
peptide A12 in the DRl-TCR Tg mice, either A12 or Ova 
was dissolved in PBS. DRl-TCR mice were fed doses of 10, 
50, or 100 [ig A12, or 50 [ig Ova by oral gavages three times 
a week. The treatments began either the day after im- 
munization of mice with bCII/CFA (prevention protocol) 
or the day of the onset of arthritis (treatment protocol) and 
continued for the duration of the experiment. 

Measurement of cytokines 

To measure cytokines, in some experiments, naive spleno- 
cytes from DRl-TCR transgenic mice were cultured with 
bovine al(II), A2, mA2, or A12. In other experiments, 
DRl-TCR transgenic and DRl Tg mice were immunized 
with bCII/CFA and lymph-node cells were taken from the 
mice 10 days after immunization and were cultured with a 
peptide representing the immunodominant determinant 
of murine collagen (mA2) so that supernatants could be 
analyzed for the presence of cytokines. In a third set of ex- 
periments, DRl-TCR double-transgenic mice were treated 
with 8 doses of 50 [ig of either A12 or PBS by oral gavage, 
sacrificed after the last gavage and GALT cell populations 
were removed. Single-cell suspensions of mesenteric 
lymph-node cells and Peyer s patch cells were made and 
pooled prior to culture in 48-well plates in triplicates. Each 
well contained 500 \i\ single cell suspension (5 x 10^/ml) + 
indicated concentrations of each peptide, or PBS. Media 
used were X-VIVO 10 (Biowhittaker, Radnor, PA) for two- 
day cultures or DMEM-complete (DMEM + 1% Pen-strep, 
1% 2-ME, 1% glutamax, 1% sodium pyruvate, 10% FBS) 
for 6-day cultures. Cells were incubated at 37°C and har- 
vested after 72 hours. 

Each culture was set up using cells from three mice 
run in triplicates and supernatants were analyzed for 
the presence of IL-10, IL-4, IFN-y, and IL-17A using a 
Bio-plex mouse cytokine assay (Bio-Rad, Hercules, CA, 
USA) according to the manufacturer s protocol. Values 
are expressed as picograms per ml and represent the 
mean values for each group taken from three separate 
experiments. 

Statistical analysis 

Mean severity scores, antibody titers, and cytokine levels 
were compared using the Mann- Whitney test. The 
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numbers of arthritic limbs were compared using Fischer s 
exact test. 

Results 

Generation of the double-transgenic mice 

To study the role that T cells play in a milieu that contains 
a human transgene (HLA DRB1*0101) that correlates with 
susceptibility to human rheumatoid arthritis (RA), a 
double-transgenic (DRl-TCR) Tg mouse was developed. 
The cDNA encoding an A2-specific TCR was cloned by 
RT-PCR from a DRl -restricted T cell hybridoma that re- 
cognizes both bCII (immunogen) and mCII (autoantigen). 



This TCR uses Va2-/a27 gene segments and V|38.7 /|32.4 
gene segments similar to other Cll-specific DRl -restricted 
TCR previously described [6,7]. The Va and V|3 cDNA 
were cloned into the plasmid pT^cass and pTpcass deve- 
loped by Mathis and Benoit [5]. Following co-injection, 
founders were identified by PCR and immunofluorescence 
and backcrossed to mice bearing the DRl transgene [4]. 
As shown in Figure 1, the Vf>8 transgene was expressed 
by >90% of the a/|3TCR T cell population of the spleen 
(Figure IB), which is significantly higher than the 9% of 
the a/pTCR + cells that express the endogenous V|38 
in the non-Tg littermates (Figure lA). Similarly, when 
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Figure 1 Development of a double-transgenic DR1-T cell receptor (TCR) Tg mouse model of autoimmune arthritis. The double-transgenic 
DRl -TCR Tg mouse model was developed and backcrossed onto DRl transgenic mice as described in Methods. To detect the presence of the transgene, 
spleen cells were stained with a combination of anti-V(38- fluorescein isothiocyanate (FITC) and anti- TCR-phycoerythrin (PE). (A) Representative data 
obtained from the single-transgenic DRl mouse; (B) representative data obtained from the double-transgenic mouse. In a similar manner, peripheral 
blood cells were obtained from the single-transgenic DRl mouse (C) and compared to cells from the double-transgenic mouse (D), staining with 
antibodies specific for CD4+, V|38.1 and Va2. The majority of the CD4+ cells in the double-transgenic mouse express both V|38.1 and Va2. Data are based 
on the analysis of 10,000 gated events with the gate set on forward versus side scatter to exclude non-lymphoid cells and dead cells. 



Tang et al. Arthritis Researcli & Therapy 2014, 16:R7 
http://arthritis-research.conn/content/16/1/R7 



Page 5 of 1 3 



examining peripheral blood cells, the TCR Va2 and Vj38 
are co-expressed on the majority of the CD4+ T cells from 
the double-transgenic mice (panel D) compared to cells 
from the DRl single-transgenic mice (Figure IC). 

Phenotype of TCR T cells 

The TCR Tg is fully functional as measured by the ability 
of the T cells to proliferate specifically in response to 
peptide presentation by DRl. When Tg T cells were 
stimulated in vitro with either bovine a 1(11) or A2, the 
cells proliferated vigorously and induced a full array of 
cytokines (IFN-y, IL-17, IL-10) in the presence of anti- 
gen presenting cells (APCs) (Figure 2). No proliferative 
response to Ova was observed and T cells from non-Tg 



litter mates did not proliferate (data not shown). More- 
over, we demonstrated that these T cells are cross - 
reactive with mA2, demonstrating both proliferation and 
a full array of cytokines, although these responses were 
weaker than those induced by A2 (Figure 2). These data 
reflect our prior observation that changing the Asp (A2) 
at residue 266 to Glu (mA2), which is the residue that 
interacts with the P4 binding pocket of the HLA-DRl, 
causes a lower affinity of binding to the DRl, inducing a 
weaker response from the transgenic T cells compared 
to that induced by A2 [8]. On the other hand, the A12 
peptide, which contains amino acid substitutions at posi- 
tions 263 (N) and 266 (D) so that interaction with both 
the PI and P4 binding pockets of the DRl are more 
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Figure 2 Naive spleen cells from DR1-T cell receptor (TCR) Tg mice respond to culture with type II collagen (CM). Spleen cells from naive 
DRl -TCR Tg mice were cultured with human A2, murine A2, A12 or bovine al(ll) chains with titrated doses. Cytokines are expressed as pg/ml. Proliferation 
was measured by incorporation of (3H)-thymidine and is expressed as the mean disintegrations per minute (dpm) of triplicate cultures. Data are expressed 
as means ± standard error of the mean of experiments using three separate mice. Responses to the murine determinant differ significantly from those 
induced to either human A2 or bovine al(ll) when comparing proliferation, IFN-y, IL-17, or IL-10 [P <0.05 using the Mann-Whitney test). Responses to A12 
differ significantly from the responses to human A2, a 1 (II) and murine A2 in proliferation, IFN- y and IL-1 7 {P <0.05 using the Mann-Whitney test) but the 
A12-induced IL-10 response was not different. 
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profoundly disrupted, induces a significant IL-10 response 
from the transgenic T cells (Figure 2) unaccompanied by 
proliferative or inflammatory cytokine responses. 

In order to compare autoreactive T cell responses from 
the double -transgenic T cells with those from the single- 
transgenic DRl mice, we immunized mice with bCII and 
cultured the lymph-node T cells with the mA2 peptide 
in the presence of APCs (Table 1). The resulting super- 
natants demonstrated a vigorous production of T helper 
(Th)l, Th2, and Thl7 cytokines that were greater than 
those induced by T cells obtained from Cll-immunized 
single-transgenic DRl mice. The differences were most 
striking in the inflammatory profiles (Table 1). Taken 
together, these data demonstrate that these double- 
transgenic T cells recognize the primary autoantigenic 
determinants of murine CII and the exaggerated res- 
ponses reflect the presence of a large number of fully 
functional Cll-reactive T cells. 

To evaluate phenotypic changes, CD4+ splenocytes 
were cultured with A2 in the presence of APCs and tested 
for activation and memory-marker expression (Figure 3A). 
These analyses revealed that as early as 24 h post culture, 
the expression levels of two cell-surface markers asso- 
ciated with the activation/memory phenotypes, CD44high 
and CD62Llow, underwent marked shifts. The vast majo- 
rity of the A2-cultured cells now expressed CD44high and 
CD62low compared to cells cultured with a control analog 
peptide A12 or cells cultured with media alone. Only, 9.7 
percent of the T cells cultured with A2 expressed the 
Treg-associated nuclear transcription factor Foxp3, similar 
to the percentages of Tregs identified in cultures of cells 
incubated with media alone. Thus, using this model, we 
have demonstrated that challenge with peptide A2 induces 
the majority of the T cells to enter a period of activation, 
acquiring a memory phenotype. 

Similarly, when al(II) was administered in vivo to the 
double transgenic mice, the CD4+ T cells tested directly 
ex vivo were found to have increased numbers of activated 
CD44^^ and CD62L^° CD4+ cells (Figure 3B). On the other 



hand, the addition of the A 12 peptide significantly de- 
creased the expression of activation markers. Staining for 
intracellular FoxpS did not reveal differences between the 
two groups tested directly ex vivo (Figure 3B). 

Induction of autoantibodies and disease in DR1-TCR Tg 
mice 

When the Tg mice were immunized with bCII/CFA, they 
developed a strong T cell-dependent Ab response to the 
autoantigen, mCII (Figure 4), greater than that elicited in 
control mice bearing only the DRl transgene The in- 
creases were pronounced in both immunoglobulin (Ig)G2 
and IgGl subsets. Moreover, offspring from the double- 
transgenic founders developed a more severe form of 
disease as compared with the DRl littermates, as mea- 
sured by both severity scores and the number of arthritic 
limbs (Figure 5, panels A and B). Although both groups of 
mice developed arthritis around 20 days after immunization 
and continued to progress in severity until the end of the 
experiment (day 55), the severity scores were markedly dif- 
ferent (P = 0.009). Histology confirmed that the double- 
transgenic mice had greater pannus formation and cartilage 
destruction when compared to arthritic DRl mice (Figure 5, 
panel C). We have not observed spontaneous arthritis in 
the double-transgenic mice up to 24 months of age, despite 
large numbers of Cll-specific T cells. 

Induction of suppression of arthritis 

Based on the overwhelming T cell response and accele- 
rated arthritis development, we wondered whether it 
would be possible to suppress the severity of the auto- 
immune arthritis. To resolve whether inflammatory T cells 
from the double-transgenic mice could successfially be 
shut down or redirected, we treated them with an altered 
peptide ligand of CII, A 12, which we have previously 
described, and performed adoptive-transfer experiments 
[9]. Draining inguinal lymph-node cells from DRl-TCR 
Tg mice previously immunized with A12/ CFA or DRl 
mice immunized with OVA/CFA alone were collected and 



Table 1 Cytokines produced in response to murine collagen 


Mouse 


Culture 




Cytokines (pg/ml) 








IFN-Y 


IL-17 


IL-4 


DRl^CRtg 


No Ag (antigen) 


0 


17±5 


0 




mA2 (3 |jmol/ml) 


1 3,522 ± 154 


9,849 ± 255 


297 ± 24 




mA2 (0.3 Mmol/ml) 


5,1 67 ±95 


5,206 ± 1 75 


142± 19 


DRl 


No Ag (antigen) 


59± 11 


184±43 


23±12 




mA2 (3 jjmol/m!) 


1,116±22* 


1,082 ±155* 


85 ±18* 




mA2 (0.3 Mmol/ml) 


737 ± 38* 


695 ± 29* 


42±ir 



Inguinal lymph-node cells from type II collagen (Cll)-immunized DRl or DR1-T cell receptor (TCP) Tg mice were taken from the mice 10 days after immunization and 
were cultured with peptide mA2 so that supernatants could be analyzed for the presence of cytokines. The numbers indicated represent the means ± standard error of 
the mean of three separate experiments. When cultures from DR1/TCR tg mice were compared with those from DRl mice, the cytokine responses to collagen were all 
elevated, T helper (Th)1, Th2, and Th17. <0.01 when mA2 responses from DRl mice were compared with mA2 responses from DRI-TCR/tg mice. Ag, antigen; mA2, 
murine A2 peptide. 
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Figure 3 (See legend on next page.) 
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(See figure on previous page.) 

Figure 3 Phenotype of splenocytes from double-transgenic mice cultured witii peptides. (A) CD4+ splenocytes from double-transgenic 
mice cultured witli peptide A2, developed a CD62L^' CD62L'° memory phenotype, whereas CD4+ cultured with A12 peptide or media alone did 
not change (%CD44^'CD62L'°CD4+ T cells = 1 8 ± 3 for No Ag, 23 ± 5 for Al 2, and 47 ± 6 for A2; P <0.002 for A2 versus No Ag and P <0.006 for A2 
versus A12). Splenocytes from the double-transgenic mouse cultured with peptide A2 or A12 had no significant differences in numbers of Treg 
cells (%CD25^'Foxp3^tD4+ T cells = 8 ± 2 for No Ag, 9 ± 2 for Al 2, and 9 ± 3 for A2). (B) Phenotype of splenocytes from double-transgenic mice 
tested directly ex vivo: al(ll) was administered in vivo (100 |jg/mouse intravenously) alone, or with 100 pg peptide A12. Three days later, CD4+ T 
cells treated with al(ll) developed a CD62L^' CD62L'° memory phenotype, whereas A12 peptide significantly decreased expression of activation 
markers (%CD44^'CD62L'°CD4+ T cells = 22 ± 7 for Al 2 + al (ll)-treated mice, and 37 ± 6 for al (ll)-treated mice; P <0.02 for al (ll)-treated versus al 
(II) + A12 treated). Staining for intracellular Foxp3 was not different between groups tested directly ex vivo (15 + 7 for al (ll)-treated mice versus 
13 ±5 for al(ll) + A12-treated mice. Negative control (naive double-transgenic T cells) had the pattern: (%CD44^'CD62L'°CD4+ T cells = 16 + 4 and 
Foxp3 + CD4 T cells =12 + 5). Data representative of three separate experiments (A and B). 



CD4+ cells were fractionated using ferromagnetic beads. Ei- 
ther A12-immune or control CD4+ T cells were infused 
intravenously into DRl tg mice prior to immunization with 
bCII/CFA, so that mice could be observed for effects on 
collagen-induced arthritis. When infused prior to the in- 
duction of arthritis, we observed (Figure 6, panel A), that 
the A12-immune T cells from the double-transgenic mice 
were extremely effective in suppressing arthritis, compared 
to control cells. Mean antibody titers to murine CII taken 
six weeks after immunization were decreased in mice given 



the A12-immune T cells, compared to mice given CD4+ 
control T cells (52.2 ± 16 in mice given control cells versus 
11 ± 7 in mice given A12-immune cell, P <0.005). 

Treatment of arthritis 

Our priority, however, was to establish whether arthritis 
could be suppressed in the double-transgenic mice once 
the immune response had been established. We elected 
to use the oral route of administration, a route more 
easily translatable into human usage. Therefore, when 
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Figure 4 Production of antibody (Ab) specific for murine type II collagen (mCll) by double DR1-T cell receptor (ICR) Tg and DRl Tg 
mice. Double- and single-transgenic littermates were immunized with 100 |jg of bCII emulsified in CFA (Complete Freund's Adjuvant) as 
described in Methods. Serum samples were collected 27 days after immunization and analyzed for quantity of mCll-specific Ab by ELISA. Units of 
Ab were calculated using standard reference sera. Data are expressed as mean titers of 10 mice per group ± standard error of the mean (total IgG 
titers, double-transgenic versus single-transgenic, 1 80.5 ± 34 versus 50.2 ± 1 1 , P = 0.001 ; IgGl titers, double-transgenic versus single-transgenic: 
61 .5 ± 22.3 versus 1 2.3 ± 6.1 , P = 0.007; lgG2b titers 1 43.45.9 versus 5 1 .3 ± 1 6.6, P = 0.0008; lgG3 titers 1 3.1 ± 5.6 versus 1 4.2 ± 3.2, P = 0.69). 
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Figure 5 Disease severity in DR1-T cell receptor (TCR) Tg mice (panels A and B). The severity (panel A) and percentage of arthritic limbs 
(panel B) of disease in double-transgenic mice (squares, n = 13) compared with DRl Tg littermate controls (diamonds, n = 15). All animals were 
challenged with a dose of 100 [ig of bovine type II collagen (bCII) emulsified in CFA (Complete Freund's Adjuvant) for the induction of disease. 
Mice were scored for arthritis severity as described in Methods. Panel A, P = 0.009 on day 55 when comparing the mean severity scores ± standard 
error of the mean using the Mann-Whitney test; panel B, P = 0.002 on day 55 when comparing the number of arthritic limbs using Fischer's exact 
test. The final incidence was 70% for the single-transgenic mice and 90% for the double-transgenic mice. Histology of joints of arthritic animals 
(panel C): left, joint from double-transgenic animal showing more eroding pannus and greater amounts of damaged articular cartilage compared 
to a representative joint (right), from a single-transgenic animal. The animals were sacrificed eight weeks after immunization. Joints were collected, 
fixed with formaldehyde, and decalcified prior to staining with H&E. The tissues were photographed using an inverted-phase contrast microscope 
(original magnification: 50x).The data shown are representative of data obtained by analyzing numerous sections from hindpaws taken from 6 
animals per group. 



double-transgenic mice were treated orally with A 12 in a double-Tg mice. The mice treated with OVA developed 
preventive protocol (Figure 6, panel B), we found that arthritis at an expected accelerated rate, whereas by the 
A 12 significantly reduced the severity of arthritis in the A 12- treated mice had significantly less severe disease. 
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Figure 6 Treatment with eitiier A12-immune cells or A12 
peptide can suppress arthritis. Panel A: CD4+ T cells from the 
double transgenic mice treated with A12 can transfer the suppression 
of arthritis. Single-transgenic DRl mice (10/group) were infused with 
5x10^ cells of A12-primed CD4+ T cells from double-transgenic mice or 
Ova-primed CD4+ T cells from single-transgenic DRl mice. Recipient 
animals were immunized with bovine type II collagen (bCII)/CFA and 
observed for arthritis. Only A12-immune cells prevented collagen-induced 
arthritis (final severity scores 1 .0 ± 0.5 versus 7.4 ± 1 .2, P <0.0001 ; final 
incidence 90% versus 10% in the treatment group). (Panel B) Oral 
treatment with peptide A12 (prevention protocol). Groups of 12 
double-transgenic mice were administered PBS or A12 peptide (oral gavage 
three times/week), beginning the day after immunization with bCII/ 
CPA, continuing for the duration of the experiment. On day 46, mice 
fed PBS had a severity score of 4.5 ± 0.4, which differed from mice fed 
1 0 Mg of Al 2 (24 ± 0.5, P <0.05) and mice fed 50 pg of Al 2 (1 .5 ± 0.04, 
P <0.01; final incidence = 80% in the control and 20% in the SO-jjg 
group). (Panel C) Oral treatment with peptide A12 (treatment protocol). 
Groups of 10 double-transgenic mice were administered PBS or A12 
peptide (50 |jg/dose, oral gavage three times/week) beginning the 
day of arthritis onset. On day 46, mice fed PBS had a severity score of 
6.8 ± 0.6, which differed from mice fed 50 pg of Al 2 (3.6 ± 0.4, P <0.05) 
(Mann-Whitney test). (Final incidence = 90% in controls and 60% in 
the treatment group). 



Interestingly, the dose response exhibited a bell-shaped 
curve with the 50 (ig dose having the greatest effect on 
arthritis with protection afforded for the duration of the 
treatment. Mice treated with ether 10 (ig or 100 (ig had 
less suppression (Figure 6, panel B). In another set of ex- 
periments, mice were treated with the A12 peptide using 
a treatment protocol Mice were fed daily doses of either 
PBS or 50 (ig if A 12, beginning the day of the onset of 
arthritis (Figure 6, panel C). Again, oral treatment with 
A12 significantly attenuated the severity of arthritis. 

Cytokine analysis 

The GALT is constituted of a wide variety of cells, which 
are often grouped in complex structures, such as Peyer s 
patches, mesenteric lymph nodes or isolated lymphoid fol- 
licles, or spread throughout the lamina propria. As orally 
ingested substances invariably reach the intestines, are 
absorbed by the organism and sampled by the immune 
system, pooled cells from Peyer s patches and mesenteric 
lymph-node cells were recovered directly ex vivo, and 
tested for cytokine production following oral treatment 
with A 12. When GALT cells were recovered from mice 
given A12 orally in the prevention protocol and cultured 
with mA2 the supernatants revealed an enhanced produc- 
tion of the suppressive cytokines IL-10 and IL-4 (Table 2). 
In contrast, IFN-y and IL-17 production was significantly 
reduced compared to mice that were treated with PBS 
(Table 2). Collectively, the in vivo and in vitro experiments 
confirm that the suppression of arthritis by A12-specific 
T cells involves active secretion of suppressive cytokines 
resulting in downregulation of the inflammatory cytokines 
IL17 and IFN-y. 
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Table 2 Cytokine responses from mice treated with oral 
A12 



Treatment 


Culture 




Cytokines (pg/ml) 








IFN-Y 


IL-17 


IL-10 


IL-4 


PBS 


No Ag 


10±7 


17±8 


17±10 


5±3 




mA2 


280 ± 22 


256 ±28 


45 ±14 


25 ±6 


A12 


No Ag 


2±3 


2±1 


15±9 


4±3 




mA2 


12±20* 


2 ±2* 


105±18* 


48 ±8^ 



Pooled cells from Peyer's patches and mesenteric lymph nodes from A12-treated 
DR1/r cell receptor (TCP) Tg mice were taken from the mice 10 days after treatment 
with oral gavage was completed, and were cultured with murine A2 peptide (mA2) 
(3 |imol/ml) so that supernatants could be analyzed for the presence of cytokines. 
When cultures from mice treated with A12 were compared with those from mice 
treated with PBS alone, the IL-10 response to mA2 was elevated whereas the 
inflammatory cytokines (IFN-y and IL-17), were suppressed. The numbers indicated 
represent the means ± standard error of the mean of three separate experiments. 
*P <0.01 when type II collagen (Cll) responses from A12-treated mice were 
compared with Cll responses from untreated mice. 

Discussion 

One of the key roles of the immune system is to protect 
the organism against infectious diseases and cancer, while 
avoiding autoimmune damage. Although T cell responses 
are expected to be tightly regulated to prevent T cell hy- 
peractivation, which may lead to autoimmune pathology, 
our data clearly demonstrate that autoreactive T cells can 
be activated and induced to secrete inflammatory cyto- 
kines, causing significant tissue damage, and playing a 
major role in increasing the severity of autoimmune 
arthritis. Although others have previously observed that 
T cells play a critical role in autoimmunity in other ani- 
mal models, that is, proteoglycan (PG)-induced arthritis 
(PGIA) and K/BxN spontaneous arthritis [10] as well as 
collagen-induced arthritis (CIA) [11], the ability to make 
double-transgenic mice that have a large number of T 
cells restricted by the common RA-susceptible major 
histocompatibility complex (MHC) molecule, DRB*0101 
(DRl), allows greater ease and clarity in investigating the 
mechanisms by which T cells become dysregulated during 
the initiation of arthritis or how their behavior is altered 
when exposed to new therapies. 

We demonstrated that in the CIA autoimmune arthritis 
model, immunization with bCII/CFA causes an acce- 
lerated and more severe arthritis compared to mice bear- 
ing only the HLA-DRl transgene. In vitro, bCII-specific 
double-transgenic T cells readily demonstrate both pro- 
liferation and production of Thl, Th2, and Thl7-type 
cytokines when challenged with the A2 peptide, reflecting 
the presence of a large number of fully functional CII- 
reactive T cells. Using this model, we have confirmed that 
activation of a large number of DRl -restricted auto- 
immune CD4-I- T cells enhances the severity of the arth- 
ritis, and this phenomenon is associated with both 
increased numbers of autoantibodies and enhanced levels 
of inflammatory cytokines. These data reflect the concept 
that T-cell recognition of a systemically expressed self- 



peptide can lead to more severe disease, and that inflam- 
matory CD4 -H T-cells are dysregulated in autoimmune 
arthritis [12-15]. 

On the other hand, an understanding of the mecha- 
nisms by which T cells can be manipulated to control 
disease is critical if T cell-specific therapies are to be 
successfully implemented. CD4-H helper T cells differen- 
tiate into specialized subsets, which attain restricted pat- 
terns of cytokine secretion and specific expression of 
master transcription factors in response to pathogens 
[16]. However, some of the distinctions between these 
groups are beginning to blur. Therefore, it becomes im- 
perative to clearly define the functional and phenotypic 
attributes of autoreactive cells during the induction of 
suppression. 

We have used the new humanized double-transgenic 
model of arthritis to test oral administration of the altered 
peptide ligand A12 peptide and to demonstrate that 
T cells found in the GALT tissues release IL-10 and IL-4 
in response to a murine autoantigen [17]. Our therapy is 
based on our previous discovery that A 12 could pro- 
foundly suppress arthritis in the CIA model by inducing a 
unique inhibitory T cell [18]. When the A12 peptide was 
administered orally to double-transgenic mice, arthritis 
was significantly suppressed, despite the fact that >90% of 
the CD4-H T cells express the Tg. The IL-2, IFN-y, and 
IL-17 production dropped and was replaced by IL-10 and 
IL-4. The response to A12 was dose dependent, with low 
doses being more effective than high doses. We believe 
that the bell-shaped curve induced by oral A12, is consis- 
tent with antigen processing by the GALT, leading to T 
cell cytokine secretion. Other investigators have reported 
that proteins administered orally in low doses require the 
induction of both IL-4 and IL-10 to suppress disease and 
that this induction is consistent with processing by the 
GALT. High doses of antigens involve a different mecha- 
nism [19,20]. Our finding that A12 stimulates the secre- 
tion of IL-4 and IL-10 in GALT tissues, leading to 
suppression of arthritis, is consistent with evidence from 
other animal models, showing that release of IL-10 and 
IL-4 [17] inhibits inflammatory bowel disease [21], 
experimental autoimmune encephalomyelitis [22], and 
diabetes [17]. 

The success of the best-known altered peptide ligand 
(APL), Copaxone (glatiramer acetate) as a T ceU-directed 
first-line therapy for multiple sclerosis (MS), suggests 
that peptide therapies based on naturally occurring 
proteins may provide an effective first-line alternative to 
biologic drugs for the treatment of arthritis and that 
animal models play a critical role in determining their 
efficacy and safety profiles. Although earlier clinical trials 
of glatiramer had conflicting results, two more recent 
trials have demonstrated its efficacy in treating MS, that 
is, the phase-3, randomized CONFIRM trial [23-26] and a 
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large National Institutes of Health (NIH) -sponsored 
(CombiRx Trial) [27], Its safety profile suggests that 
drugs based on APLs will have an excellent risk/benefit 
ratio [28]. 

We believe that this double-transgenic animal model of 
arthritis will be useful for the development and refinement 
of increasingly more sophisticated T cell-directed thera- 
pies for RA [29,30]. The difficulty of obtaining human 
GALT suggests that murine models will be invaluable in 
precisely delineating the role that T cells play when the- 
rapies are administered orally. 

Conclusions 

This study provides a detailed description of the pheno- 
type of a new double-transgenic (DRl, Cll-specific TCR) 
mouse. We believe that this mouse will become an impor- 
tant tool to allow careful dissection of the role that T cells 
play in regulating autoimmune arthritis, and may shape 
new therapeutic approaches to autoimmune diseases. As 
several strategies for enhancing the efficacy of adoptive T 
cell therapy have been developed and introduced in cli- 
nical settings [31], we believe that this humanized arthritis 
model will be invaluable in advancing our understanding 
of the mechanisms that control the pathogenesis of RA. 

Abbreviations 

A12: synthetic peptide representing the sequence (GIAGNKGDQGPKGEB); 

A2: peptide containing the immunodominant determinant sequence of bovine 

type II collagen (GIAGFKGEQGPKGEB); Abs: antibodies; APC: antigen-presenting 

cell; APL: altered peptide ligand; B: hydroxyproline; bCII: bovine type II collagen; 

bp: base pairs; BSA: bovine serum albumin; CIA: collagen-induced arthritis; 

Clktype II collagen; DMEM: Dulbecco's modified Eagle's medium; 

dpm: disintegrations per minute; ELISA: enzyme-linked immunosorbent assay; 

PBS: fetal bovine serum; FITC: fluorescein isothiocyanate; GALT: gut-associated 

lymphatic tissue; H&E: hematoxylin and eosin; HLA: human leukocyte antigen; 

IFN: interferon; Ig: immunoglobulin; IL: interleukin; mCll: murine type II collagen; 

MHC: major histocompatibility complex; MS: multiple sclerosis; murine 

A2: peptide containing the immunodominant determinant sequence of murine 

type II collagen (GIAGFKGDQGPKGEB); PBS: phosphate-buffered saline; 

PE: phycoerythrin; PerCP: peridinin chlorophyll protein; RA: rheumatoid arthritis; 

TCR: T cell receptor; Tg: transgene; Th: T helper; al (II): constituent protein chains 

of bovine type II collagen isolated by carboxymethyl-cellulose chromatography. 

Competing interests 

The authors have no competing interests. 

Authors' contributions 

All authors have made substantial contributions to the conception and 
design of the experiments. SK, SH, and DLC designed and carried out all the 
studies analyzing the T cells in vitro; BT, EFR, and AEP designed and carried 
out the studies involving the transgenic mice; DDB designed and 
participated in the studies using flow cytometry; LKM, JS, and AHK designed 
and participated in studies using the collagen-induced arthritis animal 
model. All authors were involved in drafting and revising the manuscript 
critically for important intellectual content. All authors have read and 
approved the final manuscript. 

Acknowledgements 

This work was supported in part by USPHS Grants AR-55661, AR-55266, and 
program-directed funds from the Department of Veterans Affairs and the 
Arthritis Foundation. 



Author details 

^Departments of Medicine, University of Tennessee Health Science Center, 
Memphis, TN 38163, USA. ^Departments of Pediatrics, University of 
Tennessee Health Science Center, Memphis, TN 38163, USA. ^Research 
Service, Veterans Affairs Medical Center, Memphis, TN 38104, USA. "^Division 
of Rheumatology, 956 Court Avenue, Room G326, Memphis, TN 38163, USA. 

Received: 1 April 2013 Accepted: 27 December 2013 
Published: 10 January 2014 

References 

1. Meyer AL, Trollmo C, Crawford F, Marrack P, Steere AC, Huber BT Kappler J, 
Hafler DA: Direct enumeration of Borrelia-reactive CD4 T cells ex vivo 
by using MHC class II tetramers. Proc Natl Acod Sci USA 2000, 

97:11433-11438. 

2. Oh S, Aitken M, Simons DM, Basehoar A, Garcia V, Kropf E, Caton AJ: 
Requirement for diverse TCR specificities determines regulatory T cell 
activity in a mouse model of autoimmune arthritis, J Immunol 2012, 

188:4171-4180. 

3. Rosloniec EF, Cremer M, Kang AH, Myers LK, Brand DD: Collagen-induced 
arthritis. Curr Protoc Immunol 2010, 15:1 1-25. 

4. Rosloniec EF, Brand DD, Myers LK, Whittington KB, Gumanovskaya M, 
Zailer DM, Woods A, Altmann DM, Stuart JM, Kang AH: An HLA-DRl 
transgene confers susceptibility to collagen-induced arthritis elicited 
with human type II collagen. J Exp Med 1 997, 1 85:1 1 1 3-1 1 22. 

5. Kouskoff V, Signorelli K, Benoist C, Mathis D: Cassette vectors directing 
expression of T cell receptor genes in transgenic mice. J Immunol 
Methods 1995, 180:273-280. 

6. He X, Rosloniec EF, Myers LK, McColgan WL 3rd, Gumanovskaya M, 
Kang AH, Stuart JM: T cell receptors recognizing type II collagen in 
HLA-DR-transgenic mice characterized by highly restricted V beta usage. 
Arthritis Rheum 2004, 50:1996-2004. 

7. Latham KA, Whittington KB, Zhou R, Qian Z, Rosloniec EF: Ex vivo 
characterization of the autoimmune T cell response in the HLA-DRl 
mouse model of collagen-induced arthritis reveals long-term activation 
of type II collagen-specific cells and their presence in arthritic joints. 

J Immunol 2005, 174:3978-3985. 

8. Rosloniec EF, Ivey RA 3rd, Whittington KB, Kang AH, Park HW: 

Crystal log raphic structure of a rheumatoid arthritis MHC susceptibility 
allele, HLA-DRl (DRBl^OlOl), complexed with the immunodominant 
determinant of human type II collagen. J Immunol 2006, 177:3884-3892. 

9. Myers LK, Cullins DL, Brand DD, Kleinau S, Stuart JM, Kang AH: T cells 
stimulated with an analog peptide of type II collagen require the Fc 
receptor gamma-chain to secrete interleukin-4 and suppress 
autoimmune arthritis in mice. Arthritis Rheum 201 1, 63:2661-2670. 

10. Vincent TL, Williams RO, Maciewicz R, Silman A, Garside P: Mapping 
pathogenesis of arthritis through small animal models. Rheumatology 
(Oxford) 20U,5^•^93]-]94]. 

1 1 . Brand DD, Kang AH, Rosloniec EF: Immunopathogenesis of collagen 
arthritis. Springer Semin Immunopothol 2003, 25:3-18. 

12. Choy E: Understanding the dynamics: pathways involved in the 
pathogenesis of rheumatoid arthritis. Rheumatology (Oxford) 2012, 
51:v3-vll. 

1 3. Salliot C, Dawidowicz K, Lukas C, Guedj M, Paccard C, Benessiano J, Dougados M, 
Nicaise P, Meyer 0, Dieude P: PTPN22 R620W genotype-phenotype correlation 
analysis and gene-environment interaction study in early rheumatoid arthritis: 
results from the ESPOIR cohort. Rheumatology (Oxford) 201 1, 50:1802-1808. 

14. Chang WC, Woon PY, Wei JC, Chang CM, Hsu YW, Guo YC, Hwang DY, 
Kochi Y, Yen JH: A Single-nucleotide Polymorphism of CCR6 (rs3093024) 
is associated with susceptibility to rheumatoid arthritis but not 
ankylosing spondylitis, in a Taiwanese population. J Rheumatol 2012, 
39:1765. 

1 5. lannone F, Lapadula G: The inhibitor of costimulation of T cells: 
abatacept. J Rheumatol SuppI 2012, 89:100-102. 

16. Kitagishi Y, Kobayashi M, Yamashina Y, Matsuda S: Elucidating the 
regulation of T cell subsets (Review). Int J Mol Med 201 2, 30:1 255-1 260. 

1 7. Hancock WW, Polanski M, Zhang J, Blogg N, Weiner HL: Suppression of 
insulitis in non-obese diabetic (NOD) mice by oral insulin administration 
is associated with selective expression of interleukin-4 and -10, 
transforming growth factor-beta, and prostaglandin-E. Am J Pathol 1995, 
147:1193-1199. 



Tang et al. Arthritis Research & Therapy 201 4, 1 6:R7 Page 1 3 of 1 3 

http://arthritis-research.conn/content/16/1/R7 



18. Myers LK, Sakurai Y, Rosloniec EF, Stuart JM, Kang AH: An analog peptide 
that suppresses collagen-induced arthritis. Am J Med Sci 2004, 
327:212-216. 

19. Peron JP, de Oliveira AP, Rizzo LV: It takes guts for tolerance: the 
phenomenon of oral tolerance and the regulation of autoimmune 
response. Autoimmun Rev 2009, 9:1-4. 

20. Rizzo LV, Morawetz RA, Miller-Rivero NE, Choi R, Wiggert B, Chan CC, 
Morse HC 3rd, Nussenblatt RB, Caspi RR: IL-4 and IL-10 are both required 
for the induction of oral tolerance. J Immunol 1999, 162:2613-2622. 

21. Zhu H, Lei X, Liu Q, Wang Y: lnterleukin-10-1082A/G polymorphism and 
inflammatory bowel disease susceptibility: a meta-analysis based on 
17,585 subjects. Cytokine 2012, 61:146-153. 

22. Gong Y, Wang Z, Liang Z, Duan H, Ouyang L, Yu Q, Xu Z, Shen G, Weng X, 
Wu X: Soluble l\/10G35-55/l-A(b) Dimers Ameliorate Experimental 
Autoimmune Encephalomyelitis by Reducing Encephalitogenic T Cells. 
PLoS One 2012, 7:e47435. 

23. Fox RJ, Miller DH, Phillips JT, Hutchinson M, Havrdova E, Kita M, Yang M, 
Raghupathi K, Novas M, Sweetser MT, Viglietta V, Dawson KT, CONFIRM 
study investigators: Placebo-controlled phase 3 study of oral BG-12 or 
glatiramer in multiple sclerosis. N Engl J Med 201 2, 367:1 087-1 097. 

24. Johnson KP, Brooks BR, Cohen JA, Ford CC, Goldstein J, Lisak RP, Myers LW, 
Panitch HS, Rose JW, Schiffer RB: Copolymer 1 reduces relapse rate and 
improves disability in relapsing-remitting multiple sclerosis: results of a 
phase III multicenter, double-blind placebo-controlled trial. The Copolymer 
1 Multiple Sclerosis Study Group. Neurology 1 995, 45:1 268-1 276. 

25. Johnson KP, Brooks BR, Cohen JA, Ford CC, Goldstein J, Lisak RP, Myers LW, 
Panitch HS, Rose JW, Schiffer RB, Volmer T, Weiner LP, Wolinsky JS: 
Extended use of glatiramer acetate (Copaxone) is well tolerated and 
maintains its clinical effect on multiple sclerosis relapse rate and degree 
of disability. Copolymer 1 Multiple Sclerosis Study Group. Neurology 1998, 
50:701-708. 

26. Comi G, Cohen JA, Arnold DL, Wynn D, Filippi M, Group FS: Phase III 
dose-comparison study of glatiramer acetate for multiple sclerosis. 
Ann Neurol 2011,69:75-82. 

27. Lublin FD, Cofield SS, Cutter GR, Conwit R, Narayana PA, Nelson F, Salter AR, 
Gustafson T, Wolinsky JS, CombiRx I: Randomized study combining 
interferon and glatiramer acetate in multiple sclerosis. Ann Neurol 2013, 
73:327-340. 

28. Giannini M, Portaccio E, Ghezzi A, Hakiki B, Pasto L, Razzolini L, Piscolla E, 
De Giglio L, Pozzilli C, Paolicelli D, Trojano M, Marrosu MG, Patti F, La Mantia L, 
Mancardi G, Solaro C, Totaro R, Tolar MR, De Luca G, Lugaresi A, Moiola L, 
Martinelli V, Comi G, Amato MP: Pregnancy and fetal outcomes after 
Glatiramer Acetate exposure in patients with multiple sclerosis: a 
prospective observational multicentric study. BMC Neurol 2012, 12:124. 

29. Yoshino S, Quattrocchi E, Weiner HL: Suppression of antigen-induced 
arthritis in Lewis rats by oral administration of type II collagen. 
Arthritis Rheum 1995, 38:1092-1096. 

30. Bielekova B, Martin R: Antigen-specific immunomodulation via altered 
peptide ligands. J Mol Med 2001, 79:552-565. 

31 . Choi D, Kim TG, Sung YC: The past, present, and future of adoptive T cell 
therapy. Immune Netw 2012, 12:139-147. 



doi:10.1186/ar4433 

Cite this article as: Tang et al.: Characterization of T cell phenotype and 
function in a double transgenic (collagen-specific TCR/HLA-DR1) 
humanized model of arthritis. Arthritis Research & Therapy 2014 16:R7. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



